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Introduction
No plate tectonic model has been published to date that describes the opening of the South Atlantic from fit position to present day. A large number of fit reconstructions have been proposed (e.g., Bullard et al., 1965; Rabinowitz and LaBrecque, 1979; Pindell and Dewey, 1982; Unternehr et al., 1988) . Only few plate models for the early opening history of the South Atlantic to present day have been published. Dickson et al.
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(1968) constructed the first isochrons for the South Atlantic. Ladd (1974) determined the relative motion of South America with respect to Africa from Early Cretaceous to present day from the magnetic anomaly pattern. Ladd's isochrons for the South Atlantic were improved by Larson et al. (1985) , who incorporated Seasat altimetry data in addition to the magnetic anomalies to determine ridge crest offsets and locations of poorly known fracture zones.
Here, we present a revised plate tectonic model for the South Atlantic from fit reconstruction to present day that includes a review of the Triassic/ The subsequent relative motion history between South America and Africa is derived from a recent compilation of magnetic anomaly picks in the South Atlantic Rabinowitz and LaBrecque, 1979; Barker, 1979; Martin et al., 1982) . Ages of magnetic anomalies were taken from the timescale of Kent and Gradstein (1986) .
Satellite altimetry data, in addition, provide useful constraints for determining the position and the direction of fracture zone lineaments and allow to evaluate finite rotation poles by comparing the strike of lineations in the short wavelength gravity field with small circles calculated from stage poles.
Tectonic setting
The bathymet~c chart (Gebco) (see Fig. 2 ) shows all major bathymetric features in the South Atlantic. The depth increases fairly symmetrically from the Mid-Atlantic ridge to both African and South American sides, interrupted by the Rio Grande Rise, the Walvis Ridge, the Meteor Rise. Both the oceanic parts of the South American and African plates came into existence during the initial phase of seafloor spreading in the Early Cretaceous, since the oldest clearly identifiable magnetic anomaly on oceanic crust of both plates is M4 (126.5 Ma). Rabinowitz and LaBrecque (1979) identified older anomalies back to anomaly Ml2 (135.6 Ma) on the continental shelves of Africa and South America, assuming the generation of large basalt flows on continental crust during the initial stage of rifting.
From the Late Cretaceous to the present, the spreading history of the South Atlantic is defined fairly well . However, the older oceanic crust created during the Cretaceous Quiet Period (around 118.7 Ma to 84 Ma) has no magnetic signature. By means of satellite altimetry data, Cande et al. (1988) traced fracture zones over large distances. Major fracture zones appear to be double (Ascension Fz., Bode Verde Fz.), triple (Rio de Janeiro Fz.), or even quadruple (Rio Grande Fz.) offset fracture zones . According to these authors, there is an increase in the number and amplitude of fracture zone anomalies in Seasat altimeter data during the period of slow spreading between Chron 30 and Chron 23. Correspondingly, the number of fracture zones is decreasing during times of fast spreading.
The most obvious ridge crest jump in the South Atlantic occurred along the Falkland/Agulhas Fracture Zone (FAFZ).
Magnetic anomaly picks from Chron Ml0 to Chron MO time, identified in the Natal Valley (Martin et al., 1982) , are offset by 1400 km from their equivalents in the southern Cape Basin. The location and orientation of these picks and their counterparts in the Georgia Basin indicate that the South Atlantic spreading system extends about 600 km south of the FAFZ from its inception (Barker. 1979) . According to Barker (1979) , the original offset of the ridge crest was eliminated by three westward ridge crest jumps creating narrow rough-topped ridges (Meteor Rise. Islas Qrcadas Rise, Agulhas Plateau).
A second prominent ridge crest jump took place south of the Rio Grande Rise (LaBrecque and Brozena, in press), leaving a 200 km long fossil spreading center at Chron 32 time Cande et al. (1988) . Rabinowitz and LaBrecque (1979) LaBrecque and Hayes (1979), Barker (1979) and Martin et al. (1982) . The location of the ridge axis is based on a combination of magnetic and topographic profiles and GEBCO 
Methads
In arder to derive an improved tectonic database for tire South AtIantic Ocean we combined magnetic anomaly data and satellite altimetry data. The most recent ~omp~la~on of magnetic anomaly' picks and lineations in the South Atlantic {Cande et al., 1988; see also Barker, 1979; LaBrecque and Hayes 1979; Rabinowitz and LaBrecque, 1979; Martin et al., 1982) (Fig. 1 ) was used to construct isochrons of seafloor spreading. Ma~~~ti~ anomaly pick locations for Chron 34 to 3 correspond to the young end of tbe normal polarity interval Shaw, 1987; Cande et al.. 1988; Shaw and Cande, 1990; Craig and Sandwell, 1988; MiilIer et al,, in press MacArthur et al., 19871, 2 .9 times better than the 10 cm accuracy of Seasat data for wave heights less than 20 m (Tapley et al., 1982) . Geosat has an ~q~~~torial track spacing of 164 km (McConathy and Kilgus, 1987) . since it was placed in the unclassified 17 day ERM. Twenty-two of these Geasat altimeter repeat cycles were stacked to improve the data accuracy and coverage.
Fortunat~ly~ Geosat could record geoid signals in high southern latitudes in contrast to Seasat.
which was mainly c&e to the sea ice rni~i~~~rn around Antarctica during the Austral summer (Royer et al., in press ). To identify tectonic flowlines by Geosat altimetry data, we used the ascending (those going SE-NW) ( Fig. 3 ) and descending (those going NE-SW) (Fig. 4) 
Defection of the vertical chart (DOV)
To construct a tectonic fabric chart of the South Atlantic ocean floor, plots of the deflection of the vertical along track at Gebco scale were interpreted by tracing peaks, respectively troughs of the deflection of the vertical from track to track. The resulting lineations were traced on the basis of polarity, amplitude and character (Mayes, 1988) (Fig. 5) . Lineations of this chart at least cross three tracks (Fig. 6) .
Though the interpretation of the deflection of the vertical plots exhibit many continuous lineations over wide areas of the South Atlantic, a direct correlation to fracture zones is problematic, since gravity signatures of fracture zones vary with spreading rate (Shaw and Cande, 1987) . Thus, we rather used the satellite altimetry data to predict seafloor spreading directions by deter~ning tectonic flowlines than determining the locations of fracture zones themselves. Since these flowlines show the direction of relative plate motion, they can be used just as the fracture zone identifications as constraints for plate tectonic reconstructions.
The simple model of fracture zones represented by steps in the basement (Fig. 5c ) is seldomly in accordance with bathymetric and gravimetric data over fracture zones (Coliette, 1986) Actually, fracture zones exhibit a more complex morphology mostly due to variations in seafloor spreading velocity and direction, as well as age offset. The common occurrence of closely spaced pairs of lineations indicating maximum positive respectively negative slopes in the geoid shows that fracture zone central valleys rather than basement (Gamboa and Rabinowitz, 1981) . However, only a few continuous Geosat lineations allow us to trace fracture zones over long distances. This applies to the Ascension, Bode Verde, Rio de Janeiro, Rio Grande, Tristan de Cunha, Gough and Falk~and/Aguihas fracture zones. The data in the Argentine, Brazil, Cape and Angola Basin are sparse, probably due to the thick sediment cover.
As Mayes (1988) could show for the Eltanian Fracture Zone in the Southeast Pacific, the Geosat lineations correlate well with the bathymetric fracture zone identification of the Eltanian fracture zone system from the Gehco charts (Mammerickx et al., 19X4; Falcomer and That-p, 1984) . However, the deflection of the vertical chart gives more Pip. 6. Tectonic fabric lineatians derived from the deflection of the vertical for the South Atlantic Ocean. SymMs irtdkate ground tick crossings. + = points of mkximwn positive slope ftraveling frs2m soul& to n6xth); II = p&ts of maximum ckegative slope, An Evans and Sutherland PS300 interactive graphics computer system was used t0 reconstruct plate motions through time. ~~~~~~ ~~~rn~~~ picks and ~i~ea~ons, defhxtion of the v&e& Iirxations, c~~t~ent~ margins and tectonic data 02-2 the cont~n~#s were d~~~ay~ 22 an arthagrq&ic projection. After assigning the di&izeCr data to ind~~dua~ plate tectonic elements, or plates, they can be rotated ~~depe~~enf~y around tbcir pojes of ro&tion r44ative to any utber plate displayed on the sphere. l?late rotations are CORstrained by the best visual fit of all data. We used the &~~~~arcb~~~ tectonic ax&y&*' method (RCTB and Scotese, 1988) to determine the plate posiEuler pole, which rotates one plate to the refertions to their relative positions in the past.
ence plate from the present day relative position Cande et al. (1988) calculated 45 finite rotation to its past position. Most of Cande et al's (19SX) poles between Chron 34 and Chron 3, each reprepoles satisfy the data constraints. The poles for senting an average time interval of less than 2 Ma. magnetic anomalies 6a, 6c, 11, 16, 20, 25, however. The finite pole of rotation for a plate pair is the were slightly modified. The relative motion be- Lat.
(") Long.
(") Fig. 7 . Isochron chart for the South Atlantic Ocean based on the magnetic anomaly data compilation of Cande et al. (1988) , Rabinowitz and LaBrecque (1979) , LaBrecque and Hayes (1979) , Barker (1979) and Martin et al. (1982) . The ridge axis is from Cande et al. (1988) , the ~ntin~tal/~~c crust boundary is modified after Emery and Uchupi (1984) .
in the southernmost South Atlantic published by LaBrecque (1979) Martin et al. (1982) and Cande et al. (1988) .
Construcring isochrons and synthetic flowlines
To derive an isochron map for the South Atlantic, we plotted small circles for the entire length of the ridge in 1" intervals for every single stage. Small circles should parallel Geosat lineations for each specific stage. If small circles and
Geosat lineations deviated significantly, we improved the finite pole of rotation (Table I) . Then, the small circles, the matched magnetic anomaly picks and lineations with additional constraints from " paleo-ridges" constructed for younger stages, were used to draw the spreading centers for a particular reconstruction.
The position of fracture zones offsetting the "paleo-ridge" were constrained by deflection of the vertical lineations.
The resulting fossil spreading centers are assigned to their respective plate and are used as isochrons.
They were rotated to each side of the present spreading center. resulting in a self-consistent und symmetric model of seafloor-spreading isochrons (Fig. 7) . Isochrons are shown for Chrons 3, 5, 5a, 6, 6a, 6c, 7, 9, 11, 13, 16, 18, 20. 21, 22, 24, 2.5, 27, 30, 32, 33, 34 100 km of stretching or a factor of 3. Using these pre-rift margins would reduce the existing overlaps in the fit-reconstruction (see Fig. 9 ) significantly.
A gap between the Guinea and Demarara plateaus before Aptian times is unlikely (Jones, 1987; Mascle and Blarez, 1987; Popoff et al., 1989a,b) . The fracture zone pattern and the interpretation of deep water sediments in the equatorial Atlantic from seismic stratigraphy do not Untemehr et al. (1988) and Conceicao et al. (1988) . The possibility of deformations diffusely distributed throughout a plate originally proposed by Burke and Dewey (1974) can be excluded (Martin et al., 1982) . The deformations are most probably restricted along belts of limited extension (Untemehr et al., 1988; Olivet et al., 1984 ?) sediments. The Benue Trough is considered to be a failed arm of a R.R.F. triple junction situated in the Gulf of Guinea (Burke et al., 1971; Burke and Dewey, 1974; Popoff, 1988; Popoff et al., 1989a) . During the Neocomian, the trough was not an effective depo-center (Castro. 1987) . Sixty kilometers of strike-slip motion are proposed by Fairhead (1988) . The Benue Trough is assumed to belong to a post-Jurassic intracontinental plate boundary (Pindell and Dewey, 1982; Fairhead, 1988; Pindeil et al., 1988) between northwestern Africa and southern Africa together with the Gongola and Niger rifts, which are thought to be the inland extensions of the Benue Trough blanketed by a thick Cenozoic sediment cover (Fairhead, 1988) . Pindell and Dewey (1982) propose that the northwestern part of Africa and South America behaved as one plate until the opening of the equatorial Atlantic after Chron MO (118.7 Ma).
A second intracontinental deformation zone within Africa, the Central African Shear Zone (Fairhead, 1988) , is assumed to not have been active during the early opening of the South Atlantic. According to Fairhead (1988) , the Central (Fairhead, 1988) has dextral displacement (Ngangom, 1983; Comacchia and bars, 1983) generating narrow subsiding rift basins infilled with Cretaceous and Tertiary sediments. A dextral strike-slip motion, however, contradicts the predominantly sinistral and extensional stress regime in the northern part of the South Atlantic during the early stages of oceanic evolution (Castro, 1987) .
Intracontinental deformation zones in South America
Parana and Chacos Basin shear zone. Unternehr et al. (1988) propose an intraplate deformation zone within South America extending from the South America Parana and Chacos Basin to the Andean Cochabamba-Santa Crux bend. According to Sibuet et al. (1984) , widespread basalt flows in the Parana Basin (120 Ma, Barremian) may belong to a failed rift arm of a triple junction on the South American plate that was active during the Late Jurassic and Early Cretaceous and resulted in 100 km of N-S extension. The Serra Geral volcanism created approximately 790,000 km3 of basalt distributed over an area of 2,000,OOO km2. The preferred average age is assigned to 130 Ma (LaBrecque and Gorini, in prep.) . Although direct geological evidence is rare due to most extensive basalt flows covering older geological structures (Campos et al., 1974) , Untemehr et al. (1988) suggest 150 km of dextral strike-slip motion along this proposed second order plate boundary. In our r~onst~ctions, we include the idea of rift and shear movements within the South American Parana and Chacos Basin. However, the existence of a second order plate boundary proposed by Untemehr et al. (1988) reaching from the Parana Basin to the Andean Cochabamba,/Santa Cruz Bend remains partly speculative though remote sensing data in this area reveal supporting evidence (Unternehr et al., 1988) .
Rift basins within South America.
According to Urien and Zambrano (1974) , the tectonic evolution of the Salado and Colorado Basins in South America may be explained by rifting processes perpendicular to the South Atlantic rift during the initial opening of the South Atlantic. Both marginal basins are open to the South Atlantic Ocean and show E-W, NE-SW and NW-SE structural trends (Urien and Zambrano, 1974) . The post-upper Jurassic sediment fill (Cretaceous nonmarine sediments) the presence of basalts in the Salado Basin, as well as the inception of faulting during the Middle and Late Jurassic (Urien and Zambrano, 1974) support the model of rift movements in both basins during the early opening phase of the South Atlantic.
How we derived the fit of continents around the South AtEantic
We started with a fit reconstruction of the equatorial Atlantic (Table l) , which matches the Guinea and Demara Plateaus as well as equatorial fracture zone extensions interpreted from Geosat and Seasat altimetry data, bathymetric and magnetic data. This reconstruction avoids any gap in the equatorial Atlantic. Subsequently, we applied a rotation, which restores southern Africa relative to northwestern Africa, closing the Benue Trough (Table 1) . This movement implies 50-60 km of rifting, 40-50 km of sinistral shear in the Benue Trough and the same amount of rifting in the Niger Rift since the initial opening of the South Atlantic, which is in accordance with Fairhead (1988) and Fairhead and Okereke (1987) . Avbovbo et al. (1986) show evidence for rifting in the Chad Basin of northeastern Nigeria during Late Cretaceous times. Minor folding is assumed to have resulted from subsidence of the basement-controlled graben along existing fault/ fracture planes. The proposed rotation results in a large overlap of the African and South American continental/ oceanic crust boundaries between 5'S and 12"s. The amount of continental overlap, however, could be reduced by considering crustal extension in northeastern Brazil during the very early separation of Brazil and Gabon. The N-S striking Reconcavo and Tucano basins consist of a series of half-grabens, characterized by a rift phase sedithese basins ceased during the early Cretaceous mentation that started during the Jurassic/early (Castro, 1987) . According to Castro (1987) the Cretaceous (Castro, 1987) Hence, we imply less tectonic movement along this deformation zone than Sibuet et al. (1984) and Unternehr et al. (1988) who assume 100 km of rifting and 1.50 km of strike-slip, respectively. By including dextral motion along this deformation zone in our model, the M-anomaly picks between the Rio Grande Rise and the Salado Basin (Rabinowitz and LaBrecque, 1979) The final result is a fit of the continents around the South Atlantic without any gaps or unreasonable amounts of overlap that is consistant with and constrained by geologic data (Fig. 9) .
Plate tectonic reconstructions

The initial opening of the South Atlantic: a propagating rift system
Starting from the fit reconstruction already described, we suggest a stepwise, northward-propagating rift for the South Atlantic (Figs. 9-13 (Jones, 1987; Castro, 1987; Mascle et al., 1988) . The extension south of the equatorial Atlantic was taken up by continental stretching Rift system in accordance with in the equatorial Atlantic (Castro, 1987; Mascle et Fairhead and Okereke (1987) and Fairhead (198X). al., 1988) as proposed by Rabinowitz and (Mascle et al., 1988; Popoff et al., 1989a (Fig. 7) .
In Fig. 17 (Brozena, 1986) . A total opening rate of 47.4 km/Ma at 7 Ma is followed by decreasing rates down to 35 km/Ma at 2 Ma (Brozena, 1986) .
In general, the magnetic anomaly pattern of the South Atlantic indicates asymmetrical spreading. According to Cande et al. (1988) , spreading rates have been about 7% faster on the west flank of the South Atlantic than on the east flank since Chron 34. although this asymmetry in spreading rate cannot be regarded as spatially or temporally uniform . In Fig. 17 we also show spreading directions in the South Atlantic along two synthetic flowlines starting at two points along the spreading axis corresponding to the finite rotation poles in Fig. 17 , as well as in the isochrons (Fig. 7) until about Chron 34. Since then, the South Atlantic opened as a simple two plate system. By combining ma~etic anomaly picks, Geosat altimetry data and onshore geologic data we have constructed a seifconsistant model for the early opening of the South Atlantic as well as a highresolution isochron chart for the South Atlantic ocean floor that shows variable fracture zone spacing through time as well as subtle changes in spreading direction. The series of finite rotation poles proposed in this paper results in a platekinematic model without severe, short-term changes in directions of relative plate motions as proposed previously. Hence our results for the time interval from Chron 34 to present day concur with Shaw and Cande's (1990) conclusion that available data do not support a model of erratic changes in sea floor spreading directions in the South Atlantic.
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